Abstract. When continuously stem-fed with 75 mM NaH 2 PO 4 , 'Manzanillo' olive explants showed significant leaf abscission after 48 hours; by that time 1.042 mg·g -1 fresh weight P had accumulated in the abscission zone (AZ). The potential contribution of ethylene to phosphate-enhanced abscission was investigated using aminooxyacetic acid (AOA), an ethylene-synthesis inhibitor, and by measuring ethylene evolution in phosphate-treated explants. In combination with NaH 2 PO 4 , AOA did not affect leaf abscission. Though ethylene evolution from explants increased as leaf abscission was initiated, it was about two orders of magnitude less than the concentration necessary to induce leaf abscission as judged by exogenous treatments. Based on leaf-abscission kinetics, we have concluded that the mechanism of P-induced abscission is independent of gross measurement of evolved ethylene, but we cannot rule out ethylene confined to the AZ itself. When evaluated for P-induced leaf abscission, leaves of 'Manzanillo' and 'Sevillano' abscised earlier than 'Ascolano' and 'Mission'.
California olives are harvested at horticultural maturity, which is 3 to 4 months before physiological maturity. At horticultural maturity, fruit retention force (FRF) is >500 g and mechanical harvest removes only 50% of the crop (Martin et al., 1981; Martin, 1986) . Ethylene-releasing compounds (ERCs) such as the most widely used chemical abscising agent, 2-chloroethylphosphonic acid (ethephon) (Ben-Tal and Lavee, 1976; Hartmann et al., 1970) , cause fruit abscission and excessive leaf loss (Lang and Martin, 1989; Lavee and Martin, 1981b) . Leaf loss reduces floral initiation and cropping in the following season (Hartmann et al., 1972) and increases entry points for Pseudomonas savastanoi (olive knot) (Wilson, 1935) . Banno et al. (1993) observed extensive leaf abscission of olive explants following stem-feeding with a citrate-phosphate buffer. They reported that sodium phosphate (NaH 2 PO 4 ) induced the most rapid leaf abscission among several stem-fed compounds tested. Stem-fed treatments with NaH 2 PO 4 caused total leaf and fruit abscission, while a foliar spray treatment caused fruit abscission with minimal leaf loss. Banno et al. (1993) also reported that application of NaH 2 PO 4 resulted in accumulation of P in the leaf blade, petiole, bark, and wood of explants, and that P accumulation coincided with low amounts (3 nl/liter per gram fresh weight per hour) of ethylene evolution and leaf abscission.
The purpose of this research on olives was to determine whether P indirectly caused abscission via ethylene production and to determine the concentration of P in various parts of the olive explant test system.
Materials and Methods
Leaf abscission was studied using olive shoot explants, previously shown to be a reliable model system Martin 1985, Weis et al., 1988) . One-year-old vegetative shoots 20-to 25-cm long were collected weekly from Dec. 1991 to Apr. 1992 from experimental orchards at the Univ. of California, Davis. In the laboratory, shoots were recut under water and stems were placed in 20-ml vials with the control solution of distilled water with 200 mg·liter -1 8-hydroxyquinoline citrate (8-HQC), pH 4.10, to prolong explant life (Davies et al., 1981; Gladon and Staby, 1973; Han et al., 1990) or of treatment solutions with 8-HQC (Banno et al., 1993) . Explants were left uncovered on the laboratory benchtop under constant light at 21C and 48% relative humidity. Cumulative leaf abscission was recorded every 24 h for leaves that abscised naturally and for those removed by a gentle touch midway on the leaf.
Response of olive cultivars to P-induced leaf abscission. 'Manzanillo', 'Mission', 'Ascolano', and 'Sevillano' were continuously stem-fed (in the explant model system conditions previously described) with 8-HQC + 75 mM P or 8-HQC alone to determine whether these four cultivars, which represent nearly 100% of the California olive crop, responded similarly to P. Means were separated statistically by SE. In all subsequent experiments 'Manzanillo' explants were used.
Ethylene synthesis and leaf abscission. Explants were prepared as previously described and placed in groups of three in 1-liter foil-covered Mason jars. Continuously stem-fed treatments of 1) 8-HQC + 75 mM NaH 2 PO 4 , 2) 75 mM NaH 2 PO 4 + 5 mM aminooxyacetic acid (AOA), 3) 5 mM AOA, and 4) 8-HQC (control) were replicated three times in one treatment period, with each jar serving as an experimental unit. A constant gas-flow air system was maintained with mechanical gas regulators at a flow rate of ≈120 ml·min -1 . Effects of P and AOA (an inhibitor of ethylene synthesis) on leaf abscission were evaluated by measuring ethylene evolution in a sub-population and by determining leaf abscission through the 8-day experimental period on the remaining population. Ethylene was measured daily for 8 days by placing one 10-leaf explant in a 1-liter Mason jar, sealed for 1 h and injecting a 10-ml gas sample into a gas chromatograph (GC) (Carle 211 Analytical; Anaheim, Calif.) equipped with a 2-ml sampling loop and NaCl-modified alumina column, at 80C. The same experiment was repeated in the greenhouse where explants were kept in the open instead of in the flow system. Gas-sampling methods were the same. The experiment was repeated six times in the laboratory during the growing season and once in the greenhouse.
In a separate experiment in which the experimental conditions were those described in the first paragraph of Materials and Methods, explant accumulation of P was compared with leaf abscission over a time sequence. Explants stem-fed with 8-HQC + 75 mM NaH 2 PO 4 were sampled for P from 30 min to 48 h. At each sampling time, a portion of the P pulse-treated explants was removed to 8-HQC to observe leaf abscission every 24 h. The final percent of abscission was recorded 96 h after removal from P treatment.
To determine the influence of low concentrations of ethylene on leaf abscission, groups of olive explants were exposed to ethylene for 3, 4, 5, and 6 days in a flow-through system with concentrations averaging 48, 253, and 979 nl·liter -1
. Ethylene-free air was used as a control. Following ethylene treatment, explants were observed for 5 days to determine amount of leaf abscission.
Uptake and accumulation of P in the abscission zone (AZ). Uptake and accumulation of stem-fed P were determined with nuclear magnetic resonance (NMR) and acetic-acid extractable phosphate.
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Phosphorus was measured by NMR (model Omega 300; General Electric, Fremont, Calif.). Magnetic field homogeneity was optimized by shimming on the proton signal from H 2 O at a frequency of 300 MHz. Reference pulses with a 2-sec delay were used to excite the 31 P nuclei and 128 scans were used for a strong signal. Explants fed with 8-HQC + 75 mM P for 48 h were separated into leaf blade, petiole, internode, and AZ segments as shown in Figure 1 , ground, disrupted in anultrasonic bath for ≈3 h, centrifuged at 4000 rpm for 5 min, and filtered through filter paper (No. 42 Whatman). The liquid fraction was sampled with an internal standard of 0.5 mM methylene diphosphonic acid.
Acetic acid-extractable phosphate, a good estimate of inorganic P in specific plant parts (Skinner et al., 1987) , was used to increase sensitivity of phosphate measurement. Explants stem-fed with 8-HQC+ 25 mM or 50 mM NaH 2 PO 4 , or 200 mg ·liter -1 ethephon for 48 h were separated into leaf blades, petiole, internode, and AZ ( Fig. 1 ) and oven-dried at 70C for 48 h. Twenty mg ground tissue samples were extracted with 10 ml 2% HOAc, centrifuged at 4000 rpm for 15 min, and filtered. Reagent A was prepared by dissolving 12 g ammonium paramolybdate in 250 ml H 2 O and 0.2908 g K antimony tartrate in 100 ml H 2 O. These two solutions were added to 1 liter 5N H 2 SO 4 , mixed, and diluted to 2 liters. Reagent B was prepared by dissolving 1.056 g ascorbic acid in 200 ml reagent A. In the molybdenum blue method for phosphate estimation, 1 ml reagent B is mixed with an aliquot of the sample containing 0.2 to 4.0 mg P, and the volume is adjusted to 4 ml. Ground samples of grape petioles, sugar beet leaf blades, and wheat leaves were used as phosphate references and phosphate was determined from a standard curve prepared with KH 2 PO 4 . Absorbance was measured in a colorimeter (model PC 800; Brinkman, Los Angeles) at a wavelength of 880 nm 10 min after mixing.
Results
Cultivar response to P. Sodium phosphate induced significantly earlier leaf abscission in 'Manzanillo' and 'Sevillano' than in 'Ascolano' and 'Mission', as determined by SEs of the mean (Fig. 2) . 'Manzanillo' explants reached 90% abscission after 5 days, followed closely by 'Sevillano', with no significant differ- ences between them. (Fig. 2) . Cultivar 'Mission' was the slowest to respond, with only 50% leaf abscission 5 days after treatment. There was no leaf abscission in untreated controls. Ethylene synthesis and leaf abscission. Both NaH 2 PO 4 and AOA + NaH 2 PO 4 -treated explants evolved ethylene at ≈0.2 nl/liter per leaf per hour after 3 days (Fig. 3A) and leaf abscission was between 20% and 40% (Fig. 3B) . After 6 days ethylene evolution was between 1.4 and 1.8 nl/liter per leaf per hour with 90% leaf abscission. Aminooxyacetic acid alone or the 8-HQC control resulted in no leaf abscission even though some ethylene evolution at 3 days was noted for AOA (Fig. 3A) . In the greenhouse, ethylene evolution (Fig. 4A ) lagged behind leaf abscission (Fig. 4B) . At 3 days, the explants in both NaH 2 PO 4 and AOA + NaH 2 PO 4 treatments evolved ethylene at 0.5 to 0.7 nl/liter per leaf per hour when leaf abscission was at 60%. At 5 days, ethylene evolution of AOA + NaH 2 PO 4 was less than that of the NaH 2 PO 4 treatment, yet the treatment with AOA + NaH 2 PO 4 had higher leaf abscission than did the NaH 2 PO 4 treatment (Fig. 4) . Twenty percent leaf abscission occurred with AOA alone by 6 days with no leaf abscission in the control. At 6 days both AOA alone and control treatments were evolving ethylene at about 0.4 nl/liter per leaf per hour (Fig. 4A) . The greenhouse experiment was terminated at 7 days when 100% leaf abscission had occurred on the NaH 2 PO 4 and AOA + NaH 2 PO 4 treatments.
Three concentrations of ethylene were established to determine concentration and exposure duration for leaf-abscission induction. Continuous ethylene treatment at 48 nl·liter -1 did not induce leaf abscission until 5 days of treatment plus 4 days of post-treatment observation (Fig. 5C) . At that time, control leaf abscission was greater than for the 48-nl·liter -1 treatment. Three days treatment at 253 nl·liter -1 ethylene resulted in 10% leaf abscission 5 days post-treatment observation (Fig. 5A) . Longer exposure at that concentration led to increasing leaf loss (Fig. 5B,C,D) . At 979 nl·liter -1 ethylene for 3 days, abscission started after 2 days of post-treatment observation (Fig. 5A) . One hundred percent leaf abscission started 5 days after 979 nl·liter -1 ethylene exposure for 6 days (Fig. 5D) .
Accumulation of P in the AZ and leaf abscission. In an initial experiment, P accumulation over time was compared in the leaf blade, petiole, internode, and AZ. By 48 h, P accumulation was markedly higher in the AZ and petiole than in the leaf blades or internodes.
On the basis of these results, the AZ was used to illustrate P accumulation before leaf abscission. To correlate rates of P accumulation and leaf abscission, samples were taken to determine tissue P content (Fig. 6A) , while a portion of the explant population was transferred to 8-HQC to observe leaf abscission (Fig. 6B) . By 24 h, P accumulation in the AZ was four times greater than accumulation after 1 h (Fig. 6A ). Leaf abscission, determined 4 days later, increased as time increased from 30 min to 48 h. Forty-eight h of P treatment resulted in more than 90% of leaves abscised. Since ethephon contains P, the possibility of contribution to ethephon's abscission action by P was questioned (Banno et al., 1993) and examined here. To test the potential contribution by P, ethephon at 200 mg·liter -1 and NaH 2 PO 4 at 25 or 50 mM were compared for phosphate accumulation after 48 h treatment. Phosphate accumulated to greater than 2.0 mg·g -1 dry weight in leaf blade, petiole, and AZ when treated with 50 mM NaH 2 PO 4 (Fig. 7) . Phosphate at about 0.5 mg·g -1 dry weight was found in both the 8-HQC control and ethephon treatments. .
Discussion
The rate of P-induced leaf abscission was compared among the four commercially prominent California olive cultivars to determine whether the abscission rate or mechanism differed among them. The rate of abscission differed where 'Manzanillo' and 'Sevillano' achieved a higher and significantly earlier abscission than for 'Ascolano' and 'Mission' (Fig. 2) . However, this difference may be meaningless since, by 8 days, 100% leaf abscission occurred in each cultivar. The gross abscission mechanism may not differ as leaf appearance and the manner of separation were similar among all cultivars. As a result of this experiment all subsequent experiments were done with 'Manzanillo'.
Depending on explant population and P presence, leaves of stem-fed olive explants began to abscise after 24 h of continuous treatment. With 8 HQC + 75 mM NaH 2 PO 4 , ≈80% leaf abscission occurred 4 days after treatment of 'Manzanillo' (Figs. 2 and 4) . Leaves at the base of explants abscised first and abscission proceeded acropetally. A principal difference in leaf appearance was evident with P treatments compared to treatments with ethephon or ethylene gas. The latter result in chlorosis and leaf drying before abscission; no such characteristics were evident after P treatment. The uptake of P in continuously stem-fed explants was rapid. After 48 h, the concentration of phosphate in the AZ, as measured with NMR or by chemical analysis, was three to five times higher than in the control (Fig. 7) . Sequential analysis for phosphate in plant parts showed gradual accumulation of phosphate over time in the AZ and petiole (Fig. 6b) . By 24 h, phosphate content of explants treated with 75 mM NaH 2 PO 4 was about eight times that of controls (data not shown). Nuclear magnetic resonance and acetic acid-extractable phosphate analyses indicated that phosphate accumulated rapidly in the AZ and petiole and that the phosphate accumulation coincided with leaf abscission.
We predicted that P might enhance leaf abscission by stimulating ethylene production in the leaf and AZ. Sheldon et al. (1989) showed that spraying Blue Jade Vine flowers with 100 µm AOA at anthesis delayed flower bud abscission and bud development, compared to treatment with ethephon. These results were associated with lowered ethylene production. In our studies, the effect of AOA was assessed in combination with NaH 2 PO 4 to determine whether P acted through elevated ethylene-enhanced abscission. Aminooxyacetic acid was used alone and with NaH 2 PO 4 to block the conversion of S-adenosylmethione (SAM) to 1-amino-cyclopropane-1-carboxylic acid (ACC). Although ACC synthase is a pyridoxal-phosphate-dependent enzyme, AOA did not stop ethylene production or delay NaH 2 PO 4 -induced olive leaf abscission. The AOA results may be due to the low ethylene evolution at <2nl/ liter per leaf per hour in the laboratory (Fig. 3A) , or 4 nl/liter per leaf per hour in the greenhouse (Fig. 4A ). Also, P may enhance abscission by increasing the action of the ethylene-forming enzyme in the AZ. However, this seems doubtful as increased ethylene evolution after treatment was minimal and coincident with abscission.
When ethylene was measured by GC from explants following NaH 2 PO 4 or NaH 2 PO 4 + AOA treatment, leaf abscission coincided with or preceded ethylene evolution. In previous experiments, we have shown that ethylene-induced leaf abscission results from exposure to gaseous ethylene at 250 ml·liter -1 , or ethepon-produced ethylene at 250 mg·liter -1 for at least 50 h before abscission (Lavee and Martin, 1981a,b) . In our experiments, elevated ethylene evolution did not precede leaf abscission. The small increase in ethylene evolution of 2 nl/liter per leaf per hour occurred coincidently with leaf abscission. Further, at the time of maximum leaf abscission, ethylene concentration was two times lower than is required for ethylene-induced leaf abscission from exogenous treatment.
Our results show that P increases abscission but does not reveal mechanism. Whereas we hypothesized an indirect P effect through ethylene production and evolution, there are lines of mitigating evidence casting doubt on the ethylene role: 1) Olive leaves sampled year-round evolve ethylene at less than 1 nl/liter per leaf per hour (Lavee and Martin, 1981c) .
2) Our present studies show that constant treatment at 48 nl·liter -1 ethylene in a flow-through system required 5 days of treatment plus another 4-day post-treatment observation to induce leaf abscission. At that time, more leaf abscission was noted in controls. Aminooxyacetic acid, an ethylene synthesis inhibitor, did not delay the onset or extent of P-induced leaf abscission.
3) Constant treatment with 10,000 nl·liter -1 ethylene induced leaf abscission before ethylene evolution increase from leaves . 4) Little leaf abscission occurs before 5 days after removal from massive treatments of either ethylene or ethephon (Lang and Martin, 1987; Lavee and Martin, 1981a,b) , whereas P-induced abscission is at 50% by 4 days, preceding the major increase in ethylene evolution (Fig. 3) .
Compared to previous results using ethephon or ethylene gas, P-induced leaf abscission is faster Lang and Martin, 1989; Lavee and Martin, 1981 a,b) and abscised leaves from P-induced benchtop explants appear green and fresh, whereas abscised leaves from ethephon-treated benchtop explants are chlorotic and dry. In all of our present experiments, P-induced elevation of ethylene evolution was far below the exogenous treatment concentrations needed to induce olive leaf abscission. To prove the mechanism for any biological process is difficult, e.g., the mechanism for leaf and fruit abscission has not been proven. Clearly, ethylene is involved in the leaf and fruit abscission process and the current ruling theory says that ethylene controls abscission. This ruling theory establishes a default position, i.e., until proven otherwise, ethylene controls the abscission process. As evidence toward that default position, we suggest at least three interpretations of our data: P increases the sensitivity of the AZ to ethylene, P treatment increases ethylene in the AZ that cannot be measured externally, and alternate abscission mechanisms exist.
